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Inducing drop to bubble transformation via
resonance in ultrasound
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Bubble formation plays an important role in industries concerned with mineral ﬂotation, food,
cosmetics, and materials, which requires additional energy to produce the liquid–gas inter-
faces. A naturally observed fact is, owing to the effect of surface tension, a bubble ﬁlm tends
to retract to reduce its surface area. Here we show a “reverse” phenomenon whereby a drop
is transformed into a bubble using acoustic levitation via acoustic resonance. Once the
volume of the cavity encapsulated by the buckled ﬁlm reaches a critical value V*, resonance
occurs and an abrupt inﬂation is triggered, leading to the formation of a closed bubble.
Experiments and simulations both reveal that V* decreases with increasing acoustic fre-
quency, which agrees well with acoustic resonance theory. The results afford enlightening
insights into acoustic resonance and highlight its role in manipulating buckled ﬂuid–ﬂuid
interfaces, providing a reference for fabricating unique core–shell-like materials.
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As they ﬂoat and burst, not only do soap bubbles amusechildren with their iridescent coloring and whimsicalnature, they also capture the interest of scientists wishing
to investigate the underlying physics and chemistry1–4. Bubble
formation plays an important role in the preparation of foams,
which have extensive applications in industries concerned with
food, cosmetics, pharmaceuticals, ultra-light materials, and
mineral ﬂotation5. Common approaches to forming bubbles are
to exert intense shear to the liquid via turbulent mixing or ﬂow
focusing techniques6 or to use microﬂuidics7. In addition, sur-
factants or solid particles are typically introduced to reduce the
surface energy of the gas–liquid interface and enhance the
interfacial stability8. Because of the intrinsically high speciﬁc
interfacial area of a soap bubble which is formed by a thin ﬁlm, it
is inevitable that a hole punctured in the ﬁlm will grow either
linearly for non-viscous ﬁlms9–11 or exponentially for viscous
ﬁlms12. The bubble ﬁlm retracts from the hole to reduce its
surface area, either shattering into droplets as it bursts or forming
daughter bubble cascades2.
In this work, the drop shape evolution and bubble formation
are studied via ultrasonic levitation, which is often used in studies
of droplet dynamics13 and manipulation14,15. By adjusting the
sound intensity or sound ﬁeld distribution, the shape of the
acoustically levitated drop can be conveniently changed. It has
been reported the levitated ﬁlm can be buckled by the sound ﬁeld
and bubble formation phenomena have been evidenced by Lee
et al.16 and Pathak and Basu17. The acoustic levitation technique
provides the possibility to transform a liquid droplet into a
bubble, however, the underlying mechanism is not clearly
understood yet.
Here, we demonstrate that the bubble formation can be trigged
in a controlled manner. Essential for this phenomenon is a
buckled geometry that allows air to be encapsulated by the liquid
ﬁlm, thereby forming a resonance cavity, which has been veriﬁed
by both experiments and numerical simulation. Once a critical
cavity volume is achieved following signiﬁcant buckling, the
cavity resonates with the ultrasonic ﬁeld leading to an abrupt
increase in the cavity volume and rapid bubble formation. The
insights presented herein shed light on the acoustic curving and
manipulation of other ﬂuid–ﬂuid interfaces, such as the interface
between a liquid drop or a gas bubble with an immiscible bulk
liquid medium, providing a reference for fabricating unique soft
materials, such as core–shell droplets18 and anti-bubbles19.
Results
Drop-to-bubble transition phenomenon in acoustic levitation.
A typical drop-to-bubble transition is illustrated in Fig. 1. A drop
of aqueous sodium dodecyl sulfate (SDS) was levitated at one of
the nodal planes in a single-axis acoustic levitator comprising an
emitter and a reﬂector both aligned vertically20,21, with the
reﬂector ﬁxed on a micro-lifting table. When the sound intensity
was increased by decreasing the emitter–reﬂector distance at a
controlled speed22, the levitated drop was deformed from an
oblate spheroid into a thin ﬁlm by the acoustic radiation force,
which corresponds to integrating the acoustic radiation pressure
on the drop surface20. As the liquid ﬁlm moved upward in the
ultrasonic ﬁeld, it buckled before expanding and curving to form
a bowl shape. The ﬁlm eventually formed a closed air bubble with
an oblate spheroidal shape similar to the initial drop, although
possessing a much larger volume (Supplementary Movies 1 and
2). The ellipsoidal shape was determined by the acoustic radiation
pressure exerted on the bubble surface which is negative (suction
effect) at the equator area but positive (compression effect) at the
polar regions14,23. It should be noted the shape (aspect ratio) of
the obtained bubble can be adjusted by tuning the sound intensity
through changing the emitter–reﬂector distance after the
accomplishment of the drop-to-bubble transition (Supplementary
Figure 1).
When the ﬁlm was ﬂattened sufﬁciently thin, capillary waves
were excited24, which formed the interference patterns at the
center of the ﬁlm (Fig. 1a, 990 ms). The rim of the buckled ﬁlm
had a diameter larger than the thickness of the ﬁlm lamella
(Fig. 1a, 1103 ms), which is consistent with prior experimental
observations that the extremely ﬂattened droplet (610 ms in
Fig. 1a) has a “dog bone-like” meridional cross section22. Since
the enclosing rate of the ﬁlm rim was very fast (~3 m/s), liquid
jetting was often observed when it closed (1107.5 ms of Fig. 1a, b).
Capillary waves could still be observed on the bubble surface
(1149 ms, Fig. 1a, b).
Time-evolution of drop surface area. To better understand the
dynamics of the drop-to-bubble transition, we analyzed the time-
dependent surface area of the drop/ﬁlm. As the sound intensity
was increased, the surface area (S) variation of the aqueous SDS
drop was clearly divisible into ﬁve different stages: (1) slight
deformation, (2) rapid ﬂattening, (3) slow ﬂattening, (4) buckling
and ﬁnally (5) abrupt expansion with rim closure (Fig. 1c). The
area of the liquid ﬁlm increased very sharply between the end of
stage 4 and into stage 5, indicating the onset of the drop-to-
bubble transition. The levitation position was uplifted slightly
upon the transition (inset graphics, Fig. 1c) owing to the lift of the
nodal plane caused by the decrease of the emitter–reﬂector dis-
tance. It is unsurprising that the drop surface area increased
continuously with sound intensity, because the drop assumes its
equilibrium shape for any given sound pressure25. The abrupt
area expansion in stage 5 was particularly interesting because it
could not be explained by either static shape theory for acousti-
cally levitated liquid droplets14 or by droplet instability theory26.
Buckling of the acoustically levitated ﬁlm. The buckling of the
liquid ﬁlm (Fig. 1c, stage 4) is one of the key features before the
onset of the abrupt area expansion, which can be observed only if
the ﬁlm buckles sufﬁciently. To understand the physical
mechanism of buckling, we numerically calculated the sound
pressure ﬁeld between the emitter and reﬂector; this distribution
depends strongly on the reﬂector geometry which plays an
essential role in enhancing levitation ability and stability20,27.
Fig. 2a illustrates the original sound pressure distribution in the
levitator before the levitation sample was positioned. Because of
the curved shape of the reﬂector, the equipotential surfaces of the
sound ﬁeld were not planar and thus represented the buckling
direction qualitatively. The equipotential surface was concave
near position I but convex near position II, as guided by the
dotted lines in Fig. 2a, which is consistent with the fact that the
liquid ﬁlm buckled upward when levitated at position I but
downward at position II (Supplementary Movie 3). This suggests
that the ﬂattened thin ﬁlm tends to follow the equipotential
surface28,29. We also found that the buckling direction reversed
when the levitator was inverted (Supplementary Movie 4),
implying that gravity was negligible in determining the buckling
direction. These experiments showed clearly that the preferred
buckling direction was set by the equipotential surface in the
sound ﬁeld of the levitator.
To gain a deeper insight into the buckling behavior of the
levitated liquid ﬁlm, the acoustic radiation pressure PA on the
sample surface was calculated based on King’s theory:30
PA ¼
1
2ρ0c
2
0
p2
  1
2
ρ0 v
2
 
ð1Þ
where p is the sound pressure, c0 is sound speed, ρ0 is the density
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of air, and v is the particle (parcel of ﬂuid) velocity of the
medium. When the liquid ﬁlm was ﬂat, PA on its lower surface
was larger than that on its upper surface (Fig. 2b), indicating
that the drop was pushed upward by the ultrasound to balance
the effect of gravity. Once the drop had buckled, PA on the
upper surface became dominant (Fig. 2c) and now the effect of
gravity had to be balanced by the suction effect (negative PA) at
the rim. The difference ΔPA in acoustic radiation pressure
between the upper and lower surfaces buckled the liquid ﬁlm
and enhanced the buckling with increasing sound intensity. It
should be noted that the suction effect at the rim of the liquid
ﬁlm was strengthened signiﬁcantly after buckling (Fig. 2c).
Inﬂation of the cavity encapsulated by the buckled ﬁlm. Similar
shape evolution and surface area variation stages have been
observed for other liquids (aqueous and non-aqueous) upon
decreasing the emitter–reﬂector distance at a rate of 1.00 mm/s
(Fig. 3a). However, the duration needed (i.e. the emitter–reﬂector
distance) to induce the transition is highly dependent on the
system; liquids of higher surface tension require higher sound
intensities to initiate the transition. This is because one of the
crucial factors to trigger the transition is ﬁlm buckling which
requires a Laplace pressure ΔPL ~ 4σ/RB (where σ is the liquid
surface tension, RB is the radius of curvature) to be provided by
the sound ﬁeld. Interestingly however, the abrupt area expansion
of all the liquid occurs at almost the same surface area (Fig. 3a). It
should be noted that an air cavity was formed once the liquid ﬁlm
buckled. With the enhancement of buckling, the volume V of the
cavity encapsulated by the buckled ﬁlm increases as well (Fig. 3b).
Upon increasing the sound intensity, an abrupt inﬂation of the
open cavities was observed for all liquids (Supplementary Fig-
ure 2). However, the maximum inﬂation rate (dV/dt) for all
liquids corresponds to a very similar cavity volume V* (Fig. 3b,
inset). This suggests that the cavity volume played a crucial role in
the drop-to-bubble transition.
Acoustic resonance mechanism. It remains to be explained why
abrupt inﬂation of the open cavity, i.e. the maximum in dV/dt,
corresponds to the same cavity volume. Based on acoustic reso-
nance theory31, the air cavity of volume V with an opening of
diameter d can be regarded as a Helmholtz resonator with a
resonant frequency f determined by its geometry. This is analo-
gous to an inductor–capacitor circuit32. The air cavity acts as the
capacitor with capacitance C0 ¼ V=ðρ0c20Þ and the opening is
the inductor with inductance L0 ¼ ρ0deff=Sh, where Sh is the
area of the opening and deff is the effective depth of the cavity
(deff ¼ t þ 1:8
ﬃﬃﬃ
d
p
, t being the thickness of the liquid ﬁlm).
Therefore, the resonant frequency f of such a resonator can be
written as33
f ¼ 1
2π
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L0  C0
p ¼ c0
2π
ﬃﬃﬃﬃﬃﬃﬃ
Vdeff
Sh
q ð2Þ
This indicates that once the air cavity achieves an appropriate
volume through buckling, it may resonate with the sound ﬁeld of
the levitator and signiﬁcantly enhance energy adsorption. In this
case, the air molecules inside the cavity vibrate intensely thus
leading to a high sound pressure, which results in abrupt cavity
inﬂation and bubble formation.
To gain a quantitative understanding of the abrupt inﬂation
and bubble formation phenomenon, the buckling degree of the
liquid ﬁlm was set in a controlled manner by dragging its center
using a needle. A similar bubble formation process was observed
(Fig. 4a, Supplementary Movie 5). Note that dragging with a
needle only gives the liquid ﬁlm its initial buckled shape and
hence cavity volume; the subsequent abrupt area expansion,
closure and bubble formation are driven by the sound ﬁeld and
show no signiﬁcant difference to the sequence shown in Fig. 1.
The maximum inﬂation rate dV/dt was evidenced at the same
critical cavity volume V* and was independent of the initial liquid
volume and dragging rate (Fig. 4b, inset). However, V* depends
strongly on the working frequency of the levitator (Fig. 4c). The
resonance frequency for the cavity with the same geometry
extracted from images taken by high speed camera was simulated
based on acoustic resonant theory33, which agrees well with the
experimental results (Fig. 4c and Supplementary Figure 3). With
the enhancement of buckling, i.e. cavity volume, the energy
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Fig. 1 Drop-to-bubble transition of acoustically levitated drop. The process
was triggered via increasing sound intensity through decreasing the
emitter–reﬂector distance at a rate uR= 1.50mm/s. a Snapshots (taken
with a high-speed camera titled at an angle of ~35°) of the evolution of a
levitated oblate drop (0ms) of aqueous sodium dodecyl sulfate (SDS)
solution at its critical micelle concentration, CMC (~2.3 g/L). Upon
increasing the sound intensity, the drop ﬂattens (610ms) and buckles
(990ms). The buckled liquid ﬁlm then expands and its rim retracts inward
(1103–1105.5ms), forming a closed bubble (1149ms). Liquid jetting is
shown in 1107.5 ms. To enhance visibility, the drop was dyed with a
commercial red ink. The volume of the drop is 10 μL. Each scale bar
represents 1 mm. b Side-view snapshots of the same process as shown in a.
c Surface area (S) variation of the drop with time divided into ﬁve stages:
(1) slight deformation, (2) rapid ﬂattening, (3) slow ﬂattening, (4) buckling,
and (5) abrupt expansion with rim closure. Inset photos show side-view
snapshots corresponding to each stage. Inset graphics shows the levitation
position (the initial drop centroid was deﬁned as zero) of the drop/bubble
was uplifted slightly (~1.5 mm) because of the lift of the nodal plane caused
by the decrease of the emitter–reﬂector distance. The surface area is scaled
to the initial surface area (S0) of a spherical drop
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absorption of the cavity from the sound ﬁeld becomes more
signiﬁcant until the occurrence of resonance, which is reﬂected in
the sound pressure distribution inside the cavity (Supplementary
Figure 4). The results conﬁrmed it was the resonance mechanism
that dominates the abrupt inﬂation and bubble formation with an
acoustically levitated buckled liquid ﬁlm.
Alternatively, buckling could be caused by dragging a ring of
metal wire from the edge of the liquid ﬁlm triggering similar
bubble formation (Fig. 5, Supplementary Movie 6). In this
case, radial oscillations were completely inhibited. However,
the surface area and cavity volume still expanded abruptly when
a critical cavity volume was reached. This clariﬁed that
radial oscillations, which are often observed in acoustically
levitated drops34, play little role in this bubble formation
phenomenon.
Discussion
The drop-to-bubble transition observed here undergoes similar
drop deformation and exhibits similar bubble shapes as the “bag
breakup” phenomenon of free falling raindrops35 or drops in a
wind tunnel36. However, a large Weber number is not necessary
in our case. Because of the difference in aerodynamic pressure
inside and outside the “bag,” it often inﬂates without rim closure
until bursting37, whereas in our work the bubble was formed via a
resonance mechanism. Therefore, the acoustic energy can be
adsorbed efﬁciently on a timescale of milliseconds and transferred
into the energy of the bubble surface. In this case, the acoustic
wave gives rise to a very unique approach to bubble fabrication,
not only providing the levitation force against gravity but also
affording the energy with which to produce new surface. In
addition, the acoustic resonance mechanism may also be the
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and II. b and c Acoustic radiation pressure PA exerted on the liquid ﬁlm surfaces (aqueous SDS drop, 10 μL) as a function of R* shown in inset: b ﬂat liquid
ﬁlm, showing that PA is larger on the lower surface, c buckled liquid ﬁlm, showing that PA on the upper surface becomes greater and is therefore
responsible for the enhanced buckling
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05949-0
4 NATURE COMMUNICATIONS |  (2018) 9:3546 | DOI: 10.1038/s41467-018-05949-0 | www.nature.com/naturecommunications
origin of many other processes involving ultrasound, such as
ultrasound foaming38 and emulsiﬁcation39.
The ﬁnal size of the obtained bubble is largely dependent on
the work frequency of the levitator as indicated by Eq. (2) and our
experimental observations (Fig. 4). The curvature of the reﬂector
only inﬂuenced slightly the ﬁnal bubble volume (Supplementary
Table 1) due to the minor shape change in the sound potential
well. This hints that it is possible to fabricate micron sized bub-
bles which are often used as ultrasound contrast agents40 by using
MHz levitators. But at such high frequency, it would be hard to
accomplish stable levitation in air because in a gaseous medium
the attenuation for MHz sound waves becomes extremely sig-
niﬁcant31. Furthermore, acoustic streaming could seriously
inﬂuence the levitation stability for droplets smaller than mm
scale41. These facts suggest one of the potential applications of
this technique is to perform acoustic resonance in liquid media.
It should be noted that acoustically levitated bubbles can last
over tens of minutes without bursting, which is much more stable
than the non-levitated soap bubble. The eventual collapse of the
bubble may be caused by evaporation since acoustic levitation
itself does not suppress evaporation. What is interesting is it
provides a mechanism to signiﬁcantly retard liquid drainage and
leads to this extraordinary stability, although the underlying
physics is required for further study.
In conclusion, the most important ﬁnding of this study is that
the cavity encapsulated by the acoustically levitated buckled liquid
ﬁlm can be regarded as an acoustic resonator that is independent
of the liquid properties. Once the cavity reaches an appropriate
volume induced by increased liquid ﬁlm buckling by either
enhanced sound intensity or external dragging, acoustic reso-
nance occurs and abrupt inﬂation is then triggered leading to
bubble formation. Our results establish a unique bubble forma-
tion method and create an excellent platform for studying bubble
physics, such as oscillation, drainage and evaporation. The tech-
nique also provides a reference for fabricating unique core–shell-
like materials via the acoustic resonance mechanism.
Methods
Materials. The different liquids we used for acoustic levitation were aqueous
solutions of SDS and poly(ethylene oxide) (PEO, molecular weight ~106 amu), a
liquid crystal (5CB), silicone oil PMX-200, and water. The water was puriﬁed with
an Ultrapure Water System (EPED, China) and all other materials were purchased
from Aladdin Industrial Corporation, China. The surface tension σ of the liquid
was measured with a Wilhelmy plate using a Langmuir-trough instrument
(JML04C3, Powereach Ltd., China). The viscosity η of the liquid was measured
with a stress-controlled rheometer (Physica MCR 302; Anton Paar, Germany)
equipped with cone-and-plate geometry (at typical shear rate range 102–2 × 103 s
−1) and glass capillary viscometers. All the liquids were treated as Newtonian
because the process before the onset of the drop-to-bubble transition was quasi-
static. Detailed properties of the liquids are provided in Table 1.
Experimental setup and procedure. The acoustic levitator was custom built and
comprised an emitter and reﬂector arranged coaxially along the gravitational
direction, as illustrated in Supplementary Figure 5. To study the effect of acoustic
frequency, we used three different levitators operating at frequencies of 20.7, 27.5,
and 39.2 kHz, providing both sufﬁcient levitation capability and satisfactory
stability.
To adjust the distance between the emitter and reﬂector conveniently, the
reﬂector was ﬁxed on a micro-lifting table (ST401ES60, Strong Precision, China).
The lift rate uR of the reﬂector could be controlled accurately with a servomotor
(42BYGH47-1684B, Sihongmotor, China); we set uR= 1.00 or 1.50 mm/s. The
acoustically levitated liquid ﬁlm could be buckled by external dragging with a
needle or a circular frame, which were also controlled by a servomotor. The
dragging rate was 3.93–8.95 mm/s. All the experiments were performed in a clean
room at room temperature of ~25 °C and a relative humidity of ~40%.
High speed camera and image analysis. The dynamics of the levitated droplets
was recorded by two high-speed CCD cameras, namely CCD1 (Trouble Shooter
HR, USA) and CCD2 (Photron Fastcam Mini UX100, Japan) at frame rates of
2000–10,000 fps. To understand the time variation of the surface area of the liquid
ﬁlm and the volume of the cavity encapsulated by the buckled ﬁlm, the recorded
videos were analyzed using MATLAB 2017 with an in-house compiled code. Each
frame was transferred into a 256 gray-scale image via gray processing, where the
gray value is 0 for black pixels and 255 for white pixels. The Gaussian low-pass
ﬁltering was selected to smooth the gray-scale image to suppress the noise. Then the
gradient could be calculated based on the Gaussian ﬁltering output. The boundaries
of the drop or liquid ﬁlm were extracted by detecting the local maximum of gray-
scale gradient, as described by Canny42. Based on the determination of sample
boundaries, the surface area could be regarded as the summation of circular stripes
formed by each layer of pixels, while the volume could be treated as the total volume
of cylinders surrounded by each layer of pixels. The surface area and cavity volume
could then be calculated via the integral approach. The accuracy of the method was
calibrated by using a standardized solid sphere which showed the error for area
calculation is smaller than 3.0% and for volume calculation it is less than 0.5%.
Simulations. The sound ﬁeld in the levitator, the acoustic radiation pressure on the
sample surface, and the acoustic resonant properties of the cavity were calculated
using commercial ﬁnite-element software COMSOL Multiphysics 5.2a. For the
calculation of sound ﬁeld and acoustic radiation pressure, a two-dimensional
axisymmetric model was employed. The simulation domain was determined by the
geometry of the levitator where the reﬂector was conﬁgured as a rigid boundary
and the side wall was set as the radiation boundary condition. In the levitator, the
acoustic medium was air (density ρ0= 1.18 kg/m3, sound velocity c0= 346.12 m/s)
and the liquid drop/ﬁlm was conﬁgured as a continuity boundary. For simplicity,
the material of the drop was assumed to be water (ρ= 998.2 kg/m3, sound velocity
cwater= 1495.33 m/s) because the acoustic impedance mismatch between air and all
the liquids used in the experiments were similar.
For the simulation of acoustic resonant properties, the cavity encapsulated by a
water shell was placed in a waveguide tube ﬁlled with air (Supplementary Figure 6).
The model of the cavity was obtained by rotation of the contour line of the sample
extracted from high speed camera images. The side walls of the tube were set as rigid
boundaries whereas the front and back faces were set as the “radiation boundary
condition”. The entire simulated domain was meshed by the tetrahedron and the user
pre-deﬁned size was set as “Fine”. In the simulation, a 1-Pa amplitude plane harmonic
wave was sent into the simulated domain via the radiation boundary condition at the
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Fig. 3 Surface area variation and cavity inﬂation during bubble formation.
The sound intensity was increased at uR= 1.00mm/s. a Surface area
(normalized by the surface area of a spherical drop) variation for drops of
different liquids with similar ﬁve stage behavior. The abrupt area expansion
occurs at different time intervals, i.e. emitter–reﬂector distance, but
corresponds to similar surface area marked by the dashed line. b Cavity
volume of silicone oil (normalized by the initial drop volume) as a function
of time. The inset graph shows that the maximum inﬂation rate, dV/dt,
corresponds to the same critical volume V* for all the liquids
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Fig. 4 Resonance mechanism for bubble formation of acoustically levitated drops. All the drops were SDS drops at CMC. a Snapshots showing that
dragging a needle positioned at the center of the ﬁlm caused it to buckle, resulting in abrupt inﬂation and bubble formation. Each scale bar represents 1 mm.
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Fig. 5 Bubble formation of a liquid ﬁlm buckled via a rigid ring. Snapshots showing that bubble formation can be triggered by dragging a ring of metal wire
constantly around the edge of the ﬁlm (SDS drops at CMC), which completely limited the radial oscillation of the levitated sample. Scale bars represent
1 mm
Table 1 Parameters for different liquids used in the experiments at 25 °C
Liquid Concentration (g/L) Density (g/cm3) Viscosity (mPa s) Surface tension (mN/m)
Water – 0.998 0.90 72.6
Aqueous SDS 2.3 (~cmc) 0.994 1.15 41.8
5CB (cyanobiphenyl) – 1.008 40.30 35.9
Aqueous PEO 0.5 1.008 1.30 61.9
Silicone oil – 0.963 100.00 21.0
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front face of the waveguide, and a zero radiation boundary condition was applied to
the back face. This enabled user-deﬁned plane waves to enter into the simulation
domain with all the incident waves being completely absorbed. The acoustic resonant
properties can be derived by analyzing the transmission and acoustic ﬁeld distribution
in the tube. The sharp adsorption peak in the adsorption spectrum represents the
minimum of energy transmission, which indicates the occurrence of resonance. The
corresponding frequency of the adsorption peak is the resonance frequency.
Data availability. The data that support the ﬁndings of this study are available
from the corresponding author upon reasonable request.
Received: 16 March 2018 Accepted: 6 August 2018
References
1. Lee, J. S. et al. Size limits the formation of liquid jets during bubble bursting.
Nat. Commun. 2, 367 (2011).
2. Bird, J. C., de Ruiter, R., Courbin, L. & Stone, H. A. Daughter bubble
cascades produced by folding of ruptured thin ﬁlms. Nature 465, 759–762
(2010).
3. Silveira, R. d, Chaïeb, S. & Mahadevan, L. Rippling instability of a collapsing
bubble. Science 287, 1468–1471 (2000).
4. Vincent, F., Le Goff, A., Lagubeau, G. & Quéré, D. Bouncing bubbles. J. Adhes.
83, 897–906 (2007).
5. Weaire, D. & Hutzler, S. The Physics of Foams. (Oxford University Press,
Oxford, 1999).
6. Cervantes Martinez, A. et al. On the origin of the remarkable stability of aqueous
foams stabilised by nanoparticles: link with microscopic surface properties. Soft
Matter 4, 1531–1535 (2008).
7. Lee, M. H., Prasad, V. & Lee, D. Microﬂuidic fabrication of stable nanoparticle-
shelled bubbles. Langmuir 26, 2227–2230 (2010).
8. Scheid, B. et al. The role of surface rheology in liquid ﬁlm formation.
Europhys. Lett. 90, 24002 (2010).
9. Culick, F. E. C. Comments on a ruptured soap ﬁlm. J. Appl. Phys. 31, 1128–1129
(1960).
10. Müller, F., Kornek, U. & Stannarius, R. Experimental study of the bursting of
inviscid bubbles. Phys. Rev. E 75, 065302 (2007).
11. Taylor, G. I. The dynamics of thin sheets of ﬂuid II. Waves on ﬂuid sheets.
Proc. R. Soc. Lond. Ser. A 253, 296–312 (1959).
12. Debrégeas, G., de Gennes, P.-G. & Brochard-Wyart, F. The life and death of
“bare” viscous bubbles. Science 279, 1704–1707 (1998).
13. Lin, P.-C. & Lin, I. Acoustically levitated dancing drops: self-excited oscillation
to chaotic shedding. Phys. Rev. E 93(R), 021101 (2016).
14. Zang, D. et al. Switchable opening and closing of a liquid marble via ultrasonic
levitation. Langmuir 31, 11502–11507 (2015).
15. Chen, Z. et al. Liquid marble coalescence and triggered microreaction inspired
by acoustic levitation. Langmuir 33, 6232–6239 (2017).
16. Lee, C. P., Anilkumar, A. V. & Wang, T. G. Static shape and instability of an
acoustically levitated liquid drop. Phys. Fluids A 3, 2497–2515 (1991).
17. Pathak, B. & Basu, S. Deformation pathways and breakup modes in
acoustically levitated bicomponent droplets under external heating. Phys. Rev.
E 93, 033103 (2016).
18. Vandewalle, N., Terwagne, D., Gilet, T., Caps, H. & Dorbolo, S. Antibubbles,
liquid onions and bouncing droplets. Colloids Surf. A 344, 42–47 (2009).
19. Kim, P. G. & Stone, H. A. Dynamics of the formation of antibubbles. EPL 83,
54001 (2008).
20. Xie, W. J. & Wei, B. Parametric study of single-axis acoustic levitation. Appl.
Phys. Lett. 79, 881–883 (2001).
21. Baer, S., Andrade, M. A. B., Esen, C., Adamowski, J. C. & Ostendorf, A.
Development of a single-axis ultrasonic levitator and the study of the radial
particle oscillations. AIP Conf. Proc. 1433, 35–38 (2012).
22. Lee, C. P., Anilkumar, A. V. & Wang, T. G. Static shape of an acoustically
levitated drop with wave–drop interaction. Phys. Fluids 6, 3554–3566 (1994).
23. Zang., D. et al. Acoustic levitation of soap bubbles in air: beyond the half-
wavelength limit of sound. Appl. Phys. Lett. 110, 121602 (2017).
24. Yan, Z. L., Xie, W. J., Shen, C. L. & Wei, B. Surface capillary wave and the
eighth mode sectorial oscillation of acoustically levitated drop. Acta Phys. Sin.
60, 064302 (2011).
25. Xie, W. J. & Wei, B. Dynamics of acoustically levitated disk samples. Phys. Rev.
E 70, 046611 (2004).
26. Danilov, S. D. & Mironov, M. A. Breakup of a droplet in a high-intensity sound
ﬁeld. J. Acoust. Soc. Am. 92, 2747–2755 (1992).
27. Marco, A. B., Andrade, N. P. & Adamowski, J. C. Particle manipulation
by a non-resonant acoustic levitator. Appl. Phys. Lett. 106, 014101 (2015).
28. Evander, M. & Nilsson, J. Acoustoﬂuidics 20: applications in acoustic
trapping. Lab Chip 12, 4667–4676 (2012).
29. Trujillo, F. J., Juliano, P., Barbosa-Canovas, G. & Knoerzer, K. Separation of
suspensions and emulsions via ultrasonic standing waves—a review. Ultrason.
Sonochem. 21, 2151–2164 (2014).
30. King, L. V. On the acoustic radiation pressure on spheres. Proc. R. Soc. Lond.
A 147, 212–240 (1934).
31. Kinsler, L. E. Fundamentals of Acoustics. 3rd edn, (Wiley, New York, 1982).
32. Fang, N. et al. Ultrasonic metamaterials with negative modulus. Nat. Mater. 5,
452–456 (2006).
33. Ding, C. L., Chen, H. J., Zhai, S. L., Liu, S. & Zhao, X. P. The anomalous
manipulation of acoustic waves based on planar metasurface with split hollow
sphere. J. Phys. D 48, 045303 (2015).
34. Zang, D. et al. Acoustic levitation of liquid drops: dynamics, manipulation and
phase transitions. Adv. Colloid Interface Sci. 243, 77–85 (2017).
35. Villermaux, E. & Bossa, B. Single-drop fragmentation determines size
distribution of raindrops. Nat. Phys. 5, 697–702 (2009).
36. Opfer, L., Roisman, I. V., Venzmer, J., Klostermann, M. & Tropea, C. Droplet-
air collision dynamics: evolution of the ﬁlm thickness. Phys. Rev. E 89, 013023
(2014).
37. Reyssat, É., Chevy, F., Biance, A.-L., Petitjean, L. & Quéré, D. Shape and
instability of free-falling liquid globules. Europhys. Lett. 80, 34005 (2007).
38. Gandhi, A. et al. Ultrasound assisted cyclic solid-state foaming for fabricating
ultra-low density porous acrylonitrile–butadiene–styrene foams. Mater. Lett.
94, 76–78 (2013).
39. Gaikwad, S. G. & Pandit, A. B. Ultrasound emulsiﬁcation: effect of ultrasonic
and physicochemical properties on dispersed phase volume and droplet size.
Ultrason. Sonochem. 15, 554–563 (2008).
40. Quaia, E. Microbubble ultrasound contrast agents: an update. Eur. Radiol. 17,
1995–2008 (2007).
41. Trinh, E. H. & Robey, J. L. Experimental study of streaming ﬂows associated
with ultrasonic levitators. Phys. Fluids 6, 3567–3579 (1994).
42. Canny, J. A computational approach to edge detection. IEEE Trans. Pattern
Anal. Mach. Intell. 8, 679–698 (1986).
Acknowledgements
D.Y.Z. is grateful to Prof. B. Wei for his many years of encouragement and help and to
the Ofﬁce of International Cooperation of NPU for its support. The authors would also
like to thank Prof. W.J. Xie, Prof. M.A.B. Andrade, Prof X. Li and Dr. D.L. Geng for their
valuable input. D.Y.Z. thanks the National Natural Science Foundation of China (Grant
no. U1732129) and the Shaanxi Provincial Natural Science Foundation (Grant no.
2016JM1003) for supporting this research ﬁnancially.
Author contributions
D.Z. designed the research; L.L., W.D., Z.Z., and Z.C. performed the research; D.Z., C.D.,
W.S., X.G., and B.P.B. analyzed the data; D.Z. and C.D. proposed the model; D.Z. wrote
the manuscript and all authors supplied comments. L.L., W.D., and Z.Z. contributed
equally to this work.
Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-05949-0.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2018
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05949-0 ARTICLE
NATURE COMMUNICATIONS |  (2018) 9:3546 | DOI: 10.1038/s41467-018-05949-0 |www.nature.com/naturecommunications 7
